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neurophysin may hinder its further packaging and processing in
the neurosecretory granules. On the other hand, the modified
C-terminus may have caused the neurophysin to have lost one
of its supposed functions, namely to protect the hormone from
proteolytic degradation®®.
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Terrestrial mass extinctions, cometary
impacts and the Sun’s motion
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Episodes of mass extinctions on the Earth are now strongly suspec-
ted to be cyclical'. We report here that our analysis of the data
of Raup and Sepkoski' suggests that the dominant cyclicity in
major marine mass extinctions during at least the past 250 Myr
is 301 1 Myr, with the standard deviation of an individual episode
being £9 Myr. We find this terrestrial cycle to be strongly corre-
lated with the time needed for the Seolar System to oscillate
vertically about the plane of the Galaxy, which is 3313 Myr
according to the best current astronomical evidence. It is argued
that galactic triggering or forcing of terrestrial biological crises
may arise as a result of collisions (or close encounters) of the
Solar System with intermediate-sized to large-sized interstellar
clouds of gas and dust, which are sufficiently concentrated towards
the galactic plane to produce the observed cyclicity and its scatter.
Among other consequences, a nearby interstellar cloud would
gravitationally perturb the Solar System’s family of comets and
thereby increase the flux of comets and comet-derived bodies near
the Earth, leading to large-body impacts. We find a dominant
cyclicity of 3111 Myr in the observed age distribution of impact
craters on Earth, the phase of this cycle agreeing with that shown
by the major biological crises. Our galactic hypothesis can thus
simultaneously account for the mean interval between major
terrestrial crises and for the 50% scatter of the time intervals
about their mean value.

Raup and Sepkoski' have very recently presented evidence
for an approximate cyclicity in marine mass extinctions over
the past 250 Myr. Fourier analysis of their data showed a
dominant periodicity of 30 Myr, a best-fit curve yielded a cycle
of 26 Myr, and a non-parametric test (previously developed
independently and somewhat differently in ref. 2) revealed a
significant cycle at 26 Myr and an only slightly less significant
cycle at 30 Myr. Using less extensive data, Fischer and Arthur®
had already suggested a 32-Myr periodicity in marine mass
extinctions.

Which periodicity, 26 Myr or 30 Myr, should be preferred?
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Raup and Sepkoski listed all discernible mass extinction peaks
that exceeded 2% extinctions on a family level. As they were
well aware, however, there are a number of uncertainties in their
selection procedure. First, 2% may be too small to be statistically
meaningful; Raup® elsewhere suggested the use of 10%. Second,
there are several minor fluctuations on the time curve of mass
extinctions, some of which Raup and Sepkoski selected as true
peaks and others they rejected as spurious peaks. Third, as the
resolution in time is only one geological stage, other individual
minor mass extinction episodes may exist at the substage level.
In view of these uncertainties concerning identification and
significance, we consider it best to follow Raup® and adopt a
cutoff of 10% extinctions, while disregarding all the minor
inflections on the curve. The large remaining peaks then refer
exclusively to the major mass extinction episodes and can be
assumed to be completely sampled. They are listed in Table 1
(where the dates have been slightly revised according to ref. 5).
Nine dates appear in this table, in contrast to the 12 listed by
Raup and Sepkoski.

Intervals of time between successive episodes of major mass
extinctions lie in the range 17-53 Myr, with mean time interval
29 Myr. We regard the large (50%) dispersion as physically real,
although some of it must be due to uncertainties of the dating.
Reasons given below suggest that the dispersion is randomly
generated. If, however, a true underlying mean periodicity does
exist and no major mass extinction episodes are either missing
or redundant, we can unambiguously assign a cycle number to
each episode (Table 1). Non-parametric tests (like those in refs
1, 2) are then no longer appropriate. Regression of the episode
date on the cycle number by the method of least squares provides
an unbiased estimate of the best-fitting mean period, which is
found to be 30+ 1 Myr. If other recently proposed geological
time scales are adopted', essentially the same mean period
emerges. This invariance is not surprising because the central
limit theorem ensures that the presence of even rather large
random errors in the dates will not significantly affect either the
mean time interval or the best-fitting least-squares period.

If the cycle number is left as a free parameter, the best-fitting
mean period P derived from a suitable non-parametric method?,
in which the observed times are fitted to a formula of the type
t=1t,+nP,is 26 Myr, where 1, 1, and n are an observed time, the
most recent epoch and an integer, respectively. This would agree
with Raup and Sepkoski’s' result. However, Raup and Sepkoski
have emphasized the approximate nature of any period that can
be derived from so few data points. We prefer, in fact, the
assignment of the cycle numbers as given above and therefore
the period of 30 Myr. There are additional reasons for our
preference: first, other kinds of geological data (including 41
dated impact craters) show periods of 30-35 Myr, and, second,
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the larger variance produced with the longer period actually
appears to have a natural physical basis, as will be discussed
below.

A cyclicity of the specific length and rough regularity shown
by the marine mass extinction data is difficult to reconcile with
a purely terrestrial triggering mechanism'®. There is also no
known solar mechanism that could operate on this long a time
scale’. A galactic mechanism therefore appears to be the most
likely. A number of cycles ranging from 100 to 900 Myr (refs
8-13), are associated with the slow revolution of the Solar System
in the plane of the Galaxy about the galactic centre. These
cycles, however, are much too long to explain the 30-Myr spacing
of the major extinction episodes.

Several authors'*~'® have pointed out that the Solar System
also executes a nearly periodic motion perpendicular to the
galactic plane (in the z direction). Innanen et al.'* have calcu-
lated the Sun’s orbit backward in time in a simple, but physically
reasonable, model of the Galaxy, and have found the average
period for one complete vertical oscillation to be ~67 Myr. They
remarked (as had Hatfield and Camp'®) that a period of this
length is similar to the known lengths of the geological periods.
The physically meaningful cycles, however, are the dynamical
half-periods, P,,, =33 Myr (plane crossing to plane crossing).
The calculated crossing times of Innanen ef gl are given in
Table 1.

For a slowly moving object like the Sun, the vertical oscillation
is essentially a simple harmonic motion governed by the local
galactic mass density p,. Innanen et al. adopted p,=0.20 M
pc 3, which agrees with recent values of p,=0.14-0.21 M, pc~?
determined from dynamical studies of nearby stars'’-2!. By using
the harmonic relation P,,,p}/”> = constant, we estimate the pos-
sible error associated with P;,, =33 Myr as less than +3 Myr.

The galactic time series in Table 1 can now be compared more
rigorously with the terrestrial mass extinction time series. The
correlation coefficient computed for the two time series in
columns 2 and 3 of Table 1 is very high (r =0.996). Student’s
t-test for matched pairs?’ (successive time intervals matched
between columns 2 and 3) confirms that the mean time interval
in the terrestrial series does not differ significantly from the
mean time interval, or half-period, of galactovertical oscillation
(the probability that ¢ =0.91 with 7d.f. is p =0.40). No mean
phase difference between the two series is detectable, but some
individual phase differences are large. Both the tight mean
correlation and the significant individual phase differences sug-
gest the following astrophysical model.

Passage of the Sun through the galactic disk involves the Solar
System in varying amounts of diftuse interstellar material whose
density falls off roughly exponentially above and below the
galactic plane,

N(z)= N exp (-|z|/ B) H

But the Sun's total vertical trajectory is only ~70 pc (ref. 13),
which is less than the vertical scale height 8 ~ 120 pc for ordinary
interstellar gas and dust clouds® (n = 10'-10? particles cm™3)**
and less than 8 =100 pc for the clouds ejected by supernova
explosions®>?°. Therefore, the Solar System has an almost con-
stant probability of hitting one of these clouds. Because of this,
no real periodicity between encounters with either ordinary or
supernova-produced clouds could exist. Moreover, significant
collisions with supernova ejecta would probably occur less
frequently than once every 50 Myr (refs 27-30). Giant molecular
clouds (with n>10° particles cm™) are more closely concen-
trated towards the galactic plane (8 =15pc assuming B =
27Y%2%/2*! but their encounters with the Sun are expected
to occur less frequently than once every few hundred Myr (refs
6, 32, 33).

Unless the giant molecular clouds® or other very dense inter-
stellar clouds®® are much more common than presently thought,
the most likely perturbing objects are intermediate-sized clouds.
These have n=10°-10* particles cm™>, radius R =3-6 pc and
mass M =10°~10* M_ (ref. 24). They seem to be adequately
concentrated to the galactic plane, with 8 = 44 pc (ref. 31). They
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Table 1 Dates (Myr BP) of terrestrial and galactic evepts

Galactic
Mass plane Cycle

Geological age'  extinctions' crossings'® Difference no.
Middle Miocene 1* ~0 +11 0
Late Eocene 37 31 +6 1
Maastrichtian 66 64 +2 2
Cenomanian 91 100 -9 3
Tithonian 144 135 +9 4
Bajocian 176 166 +10 5
Pliensbachian 193 197 -4 6
Norian 217 227 —-10 7
Dzhulfian 245 259 -14 8

The mass extinctions listed here are the major events discussed in the
text. Mass extinction dates have been revised after ref. 5. Columns 2
and 3 are not expected to agree in detail, for reasons given in the text.

* The magnitude of this episode is uncertain.

31 MYR

5 MYR

SQUARE OF RESIDUALS INDEX

" L
o 10 20 30 40 50 €0 70 80 90 100
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Fig. 1 Terrestrial impact craters: the square of the residuals index

(defined in ref. 2) as a measure of the goodness of fit for trial

periods that have been fitted to the observed age distribution of
41 craters over the interval ¢ = 1-250 Myr (ref. 49).

also appear to be more or less uniformly distributed along the
galactic plane®®; at least they do not show the strong concentra-
tion to spiral arms that is characteristic of the largest clouds®.

To obtain a direct comparison with the vertical distribution
of the clouds, the amount of time spent by the Sun at different
intervals of height above or below the galactic plane is shown in
Table 2; this has been computed by using an analytical integral
of the galactovertical orbit equation®®

t(Z)=(P1/2/ 77) Sin_l (z/zmax) (2)

One-third of the Sun’s time is spent at |z|> 60 pc. This almost
guarantees an approximate cyclicity in the long-term rate of
collisions with intermediate-sized and large-sized clouds, which
will occur preferentially at lower |z| distances, although not
always in the galactic plane itself. Using the cloud statistics of
Talbot and Newman®*, we estimate about 1 collision per solar
passage through the galactic disk. If only tidal (near) encounters
with clouds have to be considered, the rate will, of course, be
higher.

The one-third of the Sun’s time that is spent farthest from the
galactic plane is expected to be associated with only 20% of all
the collisions and tidal encounters with clouds whose 8 =44 pc,
but 33% if 8 > 70 pc. From the data in Table 1, we find that 11%
(1 out of 9 as compared with the expected 2 out of 9) among the
major terrestrial extinction episodes actually occur at this
unfavoured time. Within the statistical uncertainty, the agree-
ment with our model is good.

Although the Sun at present lies very close to the galactic
plane (8 = 12 pc north), it is passing through a locally poor region
of gas and dust®>?". It is expected to move out of the region after
~3 Myr, at which time it will again become vulnerable to
encounters with the intermediate-sized and large-sized interstel-
lar clouds.
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Table 2 Relative amounts of time spent by the Sun in successive
intervals of galactic height

Table 3 Summary of the mathematical solutions for terrestrial and
galactic periodicities

2|

(pc) 2/ Zpnax At/PI/Z

0-7 0-0.1 0.06

7-14 0.1-0.2 0.06
14-21 0.2-0.3 0.07
21-28 0.3-0.4 0.07
28-35 0.4-0.5 0.07
35-42 0.5-0.6 0.08
42-49 0.6-0.7 0.08
49-56 0.7-0.8 0.10
56-63 0.8-0.9 0.12
63-70 0.9-1.0 0.29

Two consequences of collisions and tidal encounters with
such clouds that may have large ultimate biological impact have
been suggested. First, if actual penetration of the cloud occurs,
the cloud particle density of n> 10” cm™® would probably shut
off the solar wind at the Earth’s distance, as Begelman and
Rees®® have shown. Such a cloud could then directly pollute
the Earth’s upper atmosphere with hydrogen gas, leading to a
variety of possible climatic effects’®™'. A larger cloud density
of n>10>cm™ would also raise the Sun’s luminosity sig-
nificantly through gravitational accretion and so would directly
affect insolation on the Earth®'?. To traverse a cloud of radius
5 pc at a relative speed of 20 kms™' requires 0.5 Myr.

Second, and probably more importantly, even if an actual
collision with a cloud does not occur, the cloud’s huge mass
would gravitationally perturb the Solar System’s inner reservoir
of comets*? (as well as the surrounding Oort** comet cloud) and
so focus a shower of comets on the innermost regions of the
Solar System. According to equation (11) of Hills*’, comets
having semi-major axes equal to the outer radius (~2 x 10* AU)
of the inner cometary reservoir will burst into the vicinity of the
Earth’s orbit if an interstellar cloud of mass 10°-10* M,
approaches within 5-15pc of the Sun. (Smaller interstellar
clouds, because of the diffuseness of their mass, could effectively
perturb only the Oort comet cloud and therefore would focus
only a few comets to small perihelion distances, while significant
encounters of the Sun with passing stars would occur only once
every 500 Myr.) According to data from Hills, during the calcu-
lated 10 Myr lifetime of the expected comet shower®?, probably
one large comet and several smaller comets would hit the Earth.
Collision of a comet or a comet-derived asteroidal body with
the Earth could have severe biological (and other geological)
consequences**,

Grieve® has recently compiled the ages of all dated
Phanerozoic (younger than 600 Myr) impact craters. By applying
the above mentioned non-parametric method of time-series
analysis® to the data in his Table 1 and text and excluding ages
given only as upper limits, we find strong signals at periods of
31, 5 and ~50 Myr, as shown in Fig. 1 for the time interval
t = 1-250 Myr. These periods are significant at the 1% level, as
we have determined by generating and analysing with the same
method 5,000 random time series containing the same number
of dates. The two periods of 5 and ~50 Myr are artefacts
produced by the rounded numbers given for the ages of (mostly
older) craters; 61% of the 41 crater ages (¢t = 1-250 Myr) are
divisible by 5, while 22% are divisible by 50. The spectral peak
around 31 Myr, however, is consistently high in all of our time-
series tests, which include the ranges t = [-250 Myr (41 craters),
t=30-250 Myr (29 craters), t = 1-600 Myr (62 craters) and ¢ =
250-600 Myr (22 craters).

Some of the craters in the Grieve data set are likely to have
been the result of impacts by asteroids of non-cometary origin.
However, at present, it is not possible to distinguish between
the two types of craters. In any case, non-cometary impacts
should be randomly distributed in time and hence should only
produce a non-periodic background contribution, like that from

Most recent

epoch Cycle
Episodes Ref.  (Myr BP) (Myr)
Terrestrial
Mass extinctions (> 10%) 1 10+7 301
Impacts 49 5+6% 31x1*
Galactic
Galactic plane crossings 13 ~0 33+3*

Terrestrial dates have been revised after ref. 5. Values for the most
recent epoch are not significantly different from 0, in view of the size
of the associated errors.

* Estimated error.

the occasional cometary impacts that do not originate from
comet showers.

The distribution of the younger crater ages suggests that
multiple impacts occurred around 15, 38, 65 and 100 Myr ago,
as Seyfert and Sirkin*® originally proposed. In view of the known
dating uncertainties, the dates of these impact episodes are in
reasonably good agreement with the dates of the mass extinction
episodes of Table 1.

Comet or asteroid impacts have already been inferred from
the discovery of geochemical anomalies occurring at the time
of the late Cretacebus (66 Myr) extinctions®'>2, which included
the disappearance of the dinosaurs, and at the time of the late
Eocene (37 Myr) extinctions®>*. Several microtektite layers
have also been discovered in the 10-Myr interval between 40
and 31 Myr ago®. Similar geochemical anomalies and microtek-
tite layers should exist at other relevant boundaries.

If the geological consequences of episodic impacts go beyond
immediate effects, as some authors have suggested**™’, we pre-
dict that other kinds of terrestrial data should also show a mean
periodicity of ~30 Myr. With similar techniques, a periodicity
of 34 Myr has recently been found in the pattern of geomagnetic
reversals®®. Furthermore, we predict that when better extinction
data for Palacozoic times become available, the dominant cycle
of major mass extinctions in these earlier times should be
~30 Myr. More speculatively, if one accepts our hypothesis that
the basic pacemaker for biological extinctions is the Sun’s ver-
tical oscillation through the Galaxy, our line of reasoning can
be reversed and we may refine the dynamical half-period of
galactovertical motion near the galactic plane by using the ter-
restrial results summarized in Table 3. We then find P, ,=
30+ 3 Myr (estimated uncertainty). This seems to support a large
local dynamical mass density of p,=~0.2 M_ pc>. Whether this
in turn implies the existence of ‘missing matter’ in the solar
vicinity'*?° is still uncertain. A last point worth considering for
its philosophical implications is that the present mechanism
should be operating at roughly the same driving frequency
throughout the galactic disk.
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Periodic mass extinctions and the
Sun’s oscillation about the galactic plane

Richard D. Schwartz & Philip B. James

Department of Physics, University of Missouri, St Louis,
Missouri 63121, USA

Raup and Sepkoski’ have recently reported evidence for a
26-Myr periodicity in the occurrence of mass extinctions based
on a study of marine fossils. The data baseline of 250 Myr
suggests events of variable amplitude, with some of the strongest
peaks associated with boundaries between major geological
periods which have been defined by previous palaeontological
studies. In a more limited quantitative study, Fischer and
Arthur? earlier cited evidence for a 32-Myr period of major
extinction events. Hatfield and Camp® were among the first to
suggest that mass extinctions might be correlated with periodic
galactic phenomena, noting intervals of 80-90 Myr between
major mass extinctions with an exceptionally strong mass extine-
tion every 225-275 Myr. Here we point out a possible corre-
lation between the 26-Myr extinction period and the Sun’s
oscillation about the galactic plane.

Due to the disk-like mass distribution of the Galaxy, stars in
the disk (including the Sun) experience a restoring force towards
the galactic plane which gives rise to harmonic oscillation per-
pendicular to the galactic plane. Stellar velocity distributions
have been used empirically to derive the force law in the galactic
plane*. Qort calculated a period of the Sun’s ‘z-oscillation’ on
the order of 68 Myr and an amplitude of ~100 pc on either side
of the midplane of the Galaxy®®, More recent work by Bahcall’
indicates a slightly stronger force law in the galactic plane
than that derived by Oort, su§gesting an oscillation period of
~62 Myr. Hatfield and Camp” cited earlier work of Trumpler
and Weaver® which suggested a period of 80 Myr for the oscilla-
tion, close to one of the major mass extinction intervals. In
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addition, they attributed the strong mass extinctions at ~250-
Myr intervals to the period of the Sun’s revolution around the
centre of the Galaxy.

In considering the Sun’s harmonic oscillation about the galac-
tic plane, it is important to recognize that the Sun crosses
midplane twice in each period, and similarly that it reaches
maximum distances from midplane twice each period. Thus any
correlation relating to the Sun’s position in this oscillation might
well involve half the oscillation period, or ~31 Myr. The dis-
crepancy of 5 Myr with the Raup and Sepkoski figure! may not
be significant in view of the uncertainties associated with estab-
lishing each of the periods. In using the Harland time scale for
their data set, Raup and Sepkoski recognized the difficulties in
establishing an absolute time scale on the basis of a combination
of chronostratigraphical sequences and radiometric dating. At
the same time, the derivation of the force law in the galactic
plane relies on assumptions involving isotropy of the stellar
z-velocity distributions. Although isotropy may be indicated by
z-velocity distributions of nearby catalogue stars within the local
standard of rest (LSR), the LSR could itself possess a z-oscilla-
tion which, superposed on the solar oscillation, could yield an
effective solar half-oscillation of <31 Myr. We suggest that
present uncertainties would easily allow equal periods of
~30Myr for the geological data as well as for the solar
oscillation.

What circumstances could trigger the mass extinctions as a
function of the Sun’s galactic z-position? Passage of the Sun
through dense dust clouds located at midplane could in principle
provide a perturbing effect on the solar irradiation of Earth,
thus initiating climatic changes which would affect the biosphere.
However, there is no astronomical evidence for a widespread,
flattened dust distribution of sufficient opacity to trigger such
an effect with each solar midplane passage. Moreover, data
suggest that the Sun is presently only ~8 pc north of the mid-
plane of the Galaxy®. As the Sepkoski and Raup analysis indi-
cates that we are presently about midway between mass extinc-
tion episodes (the two most recent episodes were ~11 Myr and
38 Myr in the past), this would suggest that the episodes are
triggered as the Sun approaches its extreme positions away from
the galactic plane. The exceptionally strong extinction event at
65 Myr (the Cretaceous-Tertiary boundary) could have resulted
from the superposition of the impact of an asteroid on the longer
time scale periodic extinction which was near maximum at the
time. This would account for the fact that significant faunal
extinctions in excess of those expected from the level of back-
ground extinction seem to have been well underway before the
deposition of the iridium layer attributed to the impact!®!*,

What other agents of the galactic environment might serve
to modulate evolution in the biosphere? Hatfield and Camp®
suggested that geomagnetic field reversals might be triggered
by variations in the galactic magnetic field as the Solar System
moves through the galactic plane. At times of null magnetic
field strength during the reversals, the increased cosmic ray flux
at the Earth’s surface could imperil the biosphere. To our
knowledge, however, there is no evidence for a periodicity of
~30 Myr in geomagnetic field reversals. Moreover, the galactic
magnetic field is six orders of magnitude weaker than the
geomagnetic field, and in view of the fact that the magnetic flux
associated with the solar wind at Earth is greater than the galactic
magnetic flux, it is difficult to.understand how the galactic field
could perturb the geomagnetic field.

There are two components of the galactic environment which
might be expected to undergo substantial changes from the point
of view of a star oscillating through a distance comparable to
the scale height distribution of interstellar matter. First, elec-
tromagnetic radiation in the 2 keV-1 eV range is strongly ab-
sorbed by interstellar material which in general obscures sources
located more than 1 kpc from the Sun. If a source of radiation
is located at midplane at a distance D from the Sun, and if the
extinction law can be written

k,(2)=«,(0) exp (—2z/L) (1)
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